An efficient way to optimize coil parameters is to test them in a magnetic mirror structure [5] , [6] . This allows individual coils to be tested under conditions similar to those of an actual magnet. Only one coil needs to be made instead of four, minimizing cost and turnaround time. Several short (1 m long) and one long (4 m long) coils have been successfully tested at Fermi National Accelerator Laboratory (Fermilab) using quadrupole mirror structures [5] [6] [7] [8] .
Modifications in coil design were gradually implemented in two HQ coils HQ12 and HQ13, previously tested at Fermilab using a magnetic mirror structure (HQM01 and HQM02 respectively) [9] . Both coils had the space increased for coil expansion during reaction, HQ12 by directly increasing the azimuthal space in the reaction mold, and HQ13 by eliminating one mid-plane turn in each layer. This was done to reduce the azimuthal pressure on the coil during reaction.
This paper describes the construction and testing of HQM04, the third quadrupole mirror with an HQ coil. Coil HQ15 is made of smaller diameter strand (0.778 mm instead of 0.8 mm) than in previous coils, and represents the latest optimized version of HQ cable. The new cable allows for increased room for azimuthal expansion during reaction without making special adjustments to the reaction cavity as was done with coils HQ12 and HQ13. HQ15 coil also includes an increased axial gap and additional improvements to the end parts and the overall insulation system [4] .
II. HQ MIRROR STRUCTURE AND CONSTRUCTION
The HQM mirror assembly includes the coil, an iron "mirror" which replaces the three missing quadrupole coils, an iron yoke and a stainless steel shell. The assembly is bolted together as shown in Fig. 1 . Details of the HQM mirror design and assembly procedure were previously reported in [9] . The magnetic flux distribution is similar to that of real quadrupoles and is shown in Fig. 2 .
HQM04 contained coil HQ15, made using 35 strand Rutherford cable with 0.778 mm diameter RRP strand of 108/127 sub-element design produced by Oxford Superconductor Technologies, Inc. [10] . The strand has a sub-element size of ∼47 μm, a non-copper fraction of 47%, a twist pitch of 14 mm and J c (4.2 K, 12 T) of 2900 A/mm 2 . The cable included a 25 μm thick by 8 mm wide stainless steel (SS) core and was produced at Lawrence Berkeley National Laboratory (LBNL). Short sample currents for each coil are based on extracted strand measurements fitted with the scaling law described in [11] including a self-field correction and assuming −0.2% axial compressive strain both in the strand and coils. With respect to previous HQ coils, the cable was made smaller in thickness to allow more expansion in the mold cavity [4] . Table I describes some specific properties of HQ15 with respect to the original HQ design as well as two previous mirror coils (HQ12 and HQ13) that were made from the original cable, but were adjusted during fabrication to allow for increased expansion [4] , [9] . Cable insulation for all coils in the series consisted of a 125 μm thick S2 glass sleeve.
Coil end parts were made of 304 Stainless Steel to match coil azimuthal thermal contraction while poles were made from a titanium alloy to minimize coil thermal contraction in the axial direction.
All coils were instrumented with strain gauges on the inner surface of the coil pole. Coil inner surface gauges were configured in two full bridges, one each in the azimuthal and longitudinal direction. The structure included gauges on the exterior surface of the shell and on the end preload bolts.
Coil preload in the mirror structure is provided by a 12 mm thick stainless steel skin and controlled by a series of shims placed radially and azimuthally on the coil, and to the upper surface of the side "ears" on the mirror block. The coil is insulated from ground by Kapton sheets. The thickness of Kapton is adjusted to achieve the desired preload at room temperature. Before magnet assembly, the cross section size is measured in its free state on a coordinate measuring machine [12] . The measured size is used to determine the amount of mid-plane shim, based on previous experience and finite element analysis. Shims are also placed onto the horizontal surface of the side ears as shown in Fig. 1 . The side shims are used to adjust the preload during pressing and control the preload during cool-down.
The structure is placed into a hydraulic press and the pressure is increased until the desired preload is achieved (verified by the strain gauges). Then the press is released, a specified amount of shim is removed, and the pressure is reapplied until the strain gauges reach the same value as they had before the shims were removed. The bolts are then tightened, leaving an open area into which the structure can contract during cool-down, increasing the preload.
The coil preload was applied using five separate pressings. After an initial pressing with a "side shim" of 650 μm, shims were removed between pressings in increments of 75 μm, until the final desired preload was achieved with a side shim of 500 μm. The "cool-down" gap of 225 μm was then added by reducing the amount of side shims to 275 μm. The final pressing was then completed and the bolts were tightened to close the structure. Strain gauge readings during this process are shown in Fig. 3 .
The final azimuthal coil pre-stress of HQM04 at room temperature was 143 MPa, similar to the warm preloads of HQM01 and HQM02, which were 132 and 130 MPa respectively. The same space was left for contraction during cool-down in all cases. As in all HQ mirrors, a load of 10 kN was applied to each end through the 50 mm thick end plates.
III. TEST RESULTS

HQM04 was tested at Fermilab's Vertical Magnet Test
Facility (VMTF) [13] in May 2012. The test was performed in boiling liquid helium at 4.6 K and at lower temperatures for the temperature dependence study. Quench positions were determined by voltage taps and a quench antenna.
A. Quench History
The HQM04 cold test began with training at 4.6 K. The coil exhibited slow training but gradually approached the estimated The magnet quench history with quench locations is summarized in Fig. 4 . Only a few of the quenches originated from the pole turn segment of the outer coil layer. All training quenches were performed at a ramp rate of 20 A/s, although the highest quench current was reached at 10 A/s.
After the initial 4.6 K testing was completed, a previously unplanned thermal cycle to room temperature took place, so ice could be cleaned from the VMTF heat exchanger transfer lines. After cleaning was completed, a few additional quenches were performed at 4.6 K to verify the magnet quench memory. The plateau was reached within two quenches, although the location was still changing from quench to quench.
Slow training continued at 2.2 K. Most quenches at 2.2 K were initiated in the pole turn segments of the inner coil layer.
After testing at 2.2 K was completed, the quench plateau at 4.6 K was verified. The Residual Resistivity Ratio (RRR) of HQ15 coil was measured during magnet warm up, with values varying from 70 to 80. Much larger RRR had been measured in the previously tested HQ12 and HQ13 coils (see Fig. 5 ). However, the relatively low RRR values did not negatively affect the performance in HQM04. In particular, no signs of conductor instabilities were observed during the test.
B. Ramp Rate and Temperature Dependences
The ramp rate dependence of the quench current of HQM04 at 4.6 K and 2.2 K is presented in Fig. 6 . The expected temperature dependence is observed for the ramp rate quenches. All quenches at ramp rates of 200 A/s and below occurred in the high field area. Only quenches at very high ramp rates (250- The temperature dependence of the magnet quench current is presented in Fig. 7 . Quenches were performed at different ramp rates, and expected reduction of magnet quench current with temperature increase was observed at all ramp rates.
C. Strain Gauges
Strain gauge data in HQM04 are nearly identical to HQM01/02 for the magnet cool-down, training and warm-up. Strain gauges mounted azimuthally to the outside shell (skin) showed the expected strain increase during cool-down and were flat as expected during excitation. End load increased as expected during cool-down and during excitation. Azimuthal gauges placed on the interior pole surface showed inconsistencies during cool-down, possibly due to slight coil bending within the structure.
IV. DISCUSSION OF TEST RESULTS
HQM04 reached the highest percent of the SSL among all HQ coils tested in both the mirror and quadrupole structure. Quench performance of all HQM mirror magnets are compared in Fig. 8 .
HQM01 quenches developed in a low field area-in the mid-plane turns, while HQM02 and HQM04 training quenches originated from the high field area. A stainless steel core was placed inside the cable in HQM01 and HQM04.
The ramp rate dependence in different HQ mirrors at 4.6 K is compared in Fig. 9 . The poor performance of HQM01 could be related to conductor damage resulting in reduced strand stability. HQM04, which contained a similar SS core in the conductor as HQM01, reached a higher percent of SSL than either HQM01 or HQM02.
Temperature dependences of all three HQ coils are presented in Fig. 10 . HQM01 data is shown at a ramp rate of 150 A/s for which the coil reached the highest current.
V. CONCLUSION
Three LARP quadrupole coils of the HQ design (HQ12, HQ13 and HQ15) have been tested in a quadrupole mirror structure. All coils were made with additional space for azimuthal expansion during reaction than the baseline HQ coils. In addition, coils HQ12 and HQ15 were made of cable with a stainless steel core. The goal of this experiment was to assess the effect of reduced coil compaction during reaction as well as the effects of the internal cable core on the quench performance.
Coil HQ15, with an optimized cable design, reached the highest percent of SSL of 98% at 4.6 K and 94% at 2.2 K. Coil HQ13 reached 91% of its SSL, while coil HQ12 reached only 82%, with almost all quenches in the low field area near the inner layer mid-plane. Insufficient space for the coil expansion during reaction may have caused conductor damage during fabrication and increased instability in coil HQ12. Based on the results of this experiment, future HQ coils will be fabricated with increased room for expansion during reaction.
The excellent results obtained in HQM04 also demonstrate that a stainless steel core can be introduced in the HQ coils without causing performance degradation. On the other hand, the mirror structure is not suitable to investigate the advantages of the core from the viewpoint of field quality and ramp rate dependence. Further tests of coils with an optimized design and cored cables in full quadrupole configuration will be necessary to verify the overall impact on the magnet quench performance.
